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, 1, y, c
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γ2(t, x, y), c
) dγ
dt
(t, x, y) e−st dt.
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U(x, y, t) =
∫ t
0
u(x, y, τ)f(t− τ) dτ, 9 :u§^:L ;
s 
u
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2 + ipx = ct
wKyZL|











































2 + ipx = ct, t ∈  v + 9 :u§^:L ;
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3 cos θ < 0
Υ+ =
{

















γ±(t) = −i ct
r






























x = r cos θ
Zg
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2 = −ct+ ipx
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γ±(t) = −i ct
r




− 1, x8sukXm t > r
c
§ 9 :u§^:L ;
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 eon cos θ > 0
<e(ct− iυ−(t)x) ≥ 0 xIsykXm 0 ≤ t ≤ r
c
;
<e(ct− iυ+(t)x) ≥ 0 x8sukXm r| cos θ|
c
≤ t ≤ r
c
;
 eon cos θ < 0
<e(ct− iυ+(t)x) ≥ 0 x8suk+m 0 ≤ t ≤ r
c
;
<e(ct− iυ−(t)x) ≥ 0 x8sukXm r| cos θ|
c
≤ t ≤ r
c
;

















(P        
cos θ = 0
(
Γ+ ∪ Γ− =   
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p ∈ Γ+ fsuj¡jXsgiZ X = <e(p) Zg Y = =m(p) Xsyjw[wusymie




− 1 ≥ 0, Y = ct
r
















X ≥ 0  Y > 0 Zg Γ− wxIwmogonZ*ezngokXlLZ{Xwuj+e/Zp@k+wmog {fZxXwuj X ≤ 0  Y > 0 § Γnj@goZLmieoZL|goZ>® wO¦fZnY[wuunj+wnmiZwukx8sunj@g
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cos θ > 0
( e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Γ+ ∪ Γ− 






Γ = Γ+ ∪ Γ− Zg Υ = Υ+ ∪ Υ− eosuj@gmoZLxXmilLeoZj@gole$eokXmqw-A+ukXmiZd§
d 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x 7→ (x) 12 p@kXZjXsukIe$wKysuj+e$|}UXsyneonZyfZe$xIsynj@gie{XZ­+miwuj+|}UXZ¢Y[ZLjyg}e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Ξ
ezsyjyg
p = ±i Zg^ezZe|sykXxXkXmiZLeeosuj@gZe{fZY[n¢¸{fmisungoZeVnY%wuunj+wnmoZe























Dρ = {p ∈ D | |p| < ρ} ,
Γρ = {p ∈ Γ | |p| < ρ} ,



































2 + ipx) > 0
ezn =m(p) ≥ 0 Zg <(p) 6= 0
Zg^{fsujI|p@kXZyfxIsykXmgisukfg
ψ ∈ [0 ; π/2[∪]π/2 ; π]
lim
R7→+∞
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U = {z ∈ C | |z − z0| ≥ R0

ψ1 < arg(z − z0) < ψ2} (R0 > 0, ψ1
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(z − z0)f(z) = 0,
(.
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− iγ±(t) cos θ
| sin θ| ,
9 :u§ u<;



















∓ i cos θ

 .
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u(x, y, t) = 0, t <
r
c
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µ(y) = µ1, ρ(y) = ρ1, y > 0,




























= δ(x) δ(y − h) δ(t). 9 X§ <;
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x = r cos θ
Zg
y = r sin θ,
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, θ ∈ [0 ; θc] ;










− r cos θ
c2





























































































γ+1 (t) = −i
c1t
r



















γ+2 (t) = −i
c2t
r
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x 6∈ Ω(t) : u(x, y, t) = 0 ;
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x = r cos θ
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Gwsuj+ukXZLkXmG{fk {fZLkf¦fnWLYZ gom}wOthZgGZehg √
(x− ξ)2 + y2 ZgZ goZY[x+e/{XZ x+wumi|sukXm}eZehg√








(x− ξ)2 + y2
c2
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{¼® wumominylZ{XZ <® syj+{fZ ZLezg
t02(x, y) = t(ξ02(x, y))
ZgZ ¹ºmisuj@g{XZ<® syj+{fZ gom}wj+eoY[neoZZehg
<® Zj+eoZY ­XZ/{fZex8sunjyg}e$goZLep@kXZX
t02(x, y) = t.
  Z ¹ºmosyj@g





ΩT (t) = {(x, y) | y ≤ 0
Zg
t02(x, y) ≤ t} .
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θc = arccos(c1/c2)
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u = ui + ur y > 0,


























x 6∈ ΩI (t) : ui(x, y, t) = 0 ;
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x2 + (y + h)2, cos θ =
x
r














γ+1 (t) = −i
c1t
r



































+ ipx− c2t = 0,
Z¨goZY[x+e{ ® wumominul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(x, y)






] d        -!
3 	( (e&      1 m = min(1, c1/c2) 
1 g   (  ( WNe(
















  (  (  We(















3,  5D 5e OO 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 5e F(p, t02) (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0 < =m(p02) < m 
 e(5D h(m)/c2 ≤ t < h(−m)/c2  F(p, t) (2 5D ,5De  5e,O 1
p = υ−(t) ∈ [p02 ; im],
12&11	[5DO

 e(5D h(−m)/c2 ≤ t ≤ t02  F(p, t) (2<56 	 1 3

p = υ−2 (t) ∈ [p02 ; im]
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x 6∈ ΩR(t) ∪ Ωte(t) : ur(x, y, t) = 0 ;
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x 6∈ ΩT (t) : ut(x, y, t) = 0 ;

3


















































































= 0, y < 0
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ût = 0, y < 0,
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û(k, y, s) =
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Γ = Υ+ ∪ Υ− ∪ Γ+ ∪ Γ− wKuZL|
Γ± =
{
p = γ±2 (t) = −i
c2t
r










































, −r cos θ
c2




Γ+ ∪ Γ− ZehgkXj+ZG­Xm}wjI|}UXZ{¼® UdcdxIZLmo­8suZezngokXlLZ/{Xwj+e$ZxXwuj =m(p) > 0 ezn cos θ < 0 §¬GZx+k+e Γnj@goZLmieoZL|goZ<® wO¦fZnY%wunj+wunmiZwk xIsynj@g









x 7→ (x) 12 p@kXZjXsukIe$wKysuj+e$|}UXsyneonZyfZe$xIsynj@gie{XZ­+miwuj+|}UXZ¢Y[ZLjyg}e¬{fZ
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p = γ±2 (t) = −i
t
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T (γ−2 (t)) = T (γ+2 (t))
Zg^{fsujI|p@kXZ























u(x, y, t) = 0, t <
r
c2
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1 + R( ps
c1
, s)




























































2 + ipx ∈  v +
} ZgsyjY[syjygimoZ/p@kXZ
Γ = γ+ ∪ γ− ∪ Γ+ ∪ Γ−wKuZ|
Γ± =
{
p = γ±1 (t) = −i
c1t
r










































, −r cos θ
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x 7→ (x) 12 p@kXZjXsukIe$wKysuj+e$|}UXsyneonZyfZe$xIsynj@gie{XZ­+miwuj+|}UXZ¢Y[ZLjyg}e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cos θ > c1
c2
9 usynm A+uk+moZ ::';§£:¹¶wkXg{fsyj+|{fnezgonjXykXZm
{XZkf¦|LwueL§
:u§  R
| cos θ| ≤
c1
c2
 ZGjx8ZkfgwusymiekfginnqezZLmkXj |suj@gisukXmeoZ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mong/symie/{Xk
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wu|kX3{Xwuj+eVZY[nnZk¨ ZgsyjY[syjygimoZp@kXZ2X
u(x, y, t) = 0, t <
r
c1































































−i cos θ XjXsyk+eVjXsugosujIe{fsuj+|
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U = {z ∈ Ω | ψ1 < arg(z − z0) < ψ2} (R0 > 0, ψ1
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(z − z0)f(z) = 0,
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(P        R̃(p) = R(p) 
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√−x !5D x < 0 
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R(υ+1 (t)) −R(υ+1 (t))
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u(x, y, t) = 0, t < t1,
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| cos θ| ≤
c1
c2
 C sum}eVn¼j3® cwx+wye{ ® suj+{fZ{XZg	LgiZ/Zg
ur(x, y, t) = 0, t <
r
c1














γ+1 (t) = −i
c1t
r
















u(x, y, t) = 0, t < t1









, t1 < t <
r
c1




























γ+1 (t) = −i
c1t
r



























− r cos θ
c2
= t,
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[C(t)D(t)]
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+ ipx− c2t = 0
\^suk+eVx8suk+usujIe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p = a+ ib
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a 6= 0 3
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 p = −a+ ib 3
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 |p| < m = min(c2
c1
, 1)
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±(y − h) + ix =
±(y − h) − ix
(y − h)2 + x2 t.
  	6< 
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x− c2 = 0









x− c2 = 0





(−y + h+ ix) p = c2t
ezn <(p) > 0,
(y − h+ ix) p = c2t
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+ ipx ∈  v .
r:sykXmVgosykfg
p ∈ i[−m;m]  t = c2g(p) ZLezg^ezsykXgonsuj¡{fZ F(p, t) = 0 §F^ZxXk+esyjw


























ZLezg^miwy|njXZ{fsykX­XZ{fZ F(p2, c2g(p2)) §vlL|nxXmis¢p@kXZLY[Zj@gL@e® nIZ¦fnqehgiZ
t2
goZLIp@kXZ F(p, t2) wy{fY[ZgogoZkXj+Zmiwy|njXZ{fsuk+­XZ p2 wusymie g′(p2) = 0 § £XjXsyk+eeokf«[g {fsyj+|{fZ^|}U+Zm}|}UXZm¬ZLe¬m}wu|nj+ZLe¬{fZ
g′(p)
§
r:sykXm eonY[xXnBAIZmFZLe |wq|k+e¬Zg lgik+{fnZmFk+jXZ¹ºsujI|gonsuj























































ZLezgehgimonq|giZY[Zj@g/{flL|mosyneieowuj@goZu8ZZ jXZ[x8Zkfg{fsyj+|e® wjXjdkXZmp@k¼® kXjXZ ¹ºsunqeeokXm
[−m ; m] §vZ¢Y%wumip@kXsyj+e$Y[wunj@giZj+wujygp@kXZX
\ ezn m = 1 suj¡w X
lim
q→−1
h(q) = +∞ Zg lim
q→1
h(q) = −∞ ;






























h′(0) = −x > 0 § h′eL® wjXjdkXZ/{fsuj+|ZLj






Zg =m(p2) > 0 §G3ZgoZY[x+e
t2 = g(p2)/c2





fZgiZY[x+e{ ® wmiminylZ{fZ>® suj+{XZwkxIsynj@g
(x, y)
X
] d       5De  5e  

t2
  5e F(p, t2) <(2  5D  	 1  5 	 .3	3
 e( 5  
















F(p2, t2) = 0,
∂F
∂p

















+ ip2x = c2t2,



































sin θ1 = i sin θ2,
9 f§ 7u ;
wKyZL|
cos θ1 ≥ 0
Zg
cos θ2 ≥ 0.
d  






(3  e 3
, 









1 − sin2 θ2
) 1























G ® lp@k+wOginsyj 9 f§ 7 >K­e;VeoZmolLlL|mong{fsuj+|



















+ x = 0,
eosungxXk+eeonY[xXZY[Zj@g X
−y tan θ2 + h tan θ1 = −x.
9 f§ 7u<;


















  syj+eon{flLmosyj+e$Y%wnjygiZj+wuj@gV<® lLp@k+wOginsyj 9 f§ 7 >w;+{ ® wx+moWe 9 f§ 7u<; syjw X
ip2x = ip2y tan θ2 − ip2h tan θ1,
|Z/pyk+n¼xIZLkfg^eoZ/molLlL|minmoZ
ip2x = −y sin θ2 tan θ2 + h
c2
c1






















G ® lp@k+wOginsyj 9 f§ 7 >Ow;V{XZdnZLj@gwusymieKX
−y cos θ2 + h
c2
c1
cos θ1 − y sin θ2 tan θ2 + h
c2
c1
sin θ1 tan θ1 = c2t2.
C xXmiWLewKusynm$miZY%wm}p@kXlp@kXZ







































ZehgZgoZLYxIe{ ® wumominulZ{fZ/<® syj+{fZgom}wj+eoY[neoZu§:\syk+eVjXsugoZmisujIe${XlLeosumiY[wune
p02 = p2. 
£j@gilmiZLeiezsyj+eh¢¸jXsyk+e Y%wunj@goZLj+wj@gwk¡|syY[xIsymzgiZY[Zj@g{fZLeVm}wu|nj+ZLe
p
{fZ F(p, t) x8suk+m t < t02 X
] d     
 !5D h(m)/c2 ≤ t < h(−m)/c2  F(p, t) F5D/5De  5e/	 1  p = υ−(t) ∈
i[p02 ; m]
W1'&1 (1	  5D	

 !5D h(−m)/c2 ≤ t ≤ t02  F(p, t)  <56 	 1 3
 p = υ−(t) ∈ i[p02 ; m] 




































































q −m 0 q02 m































] d       N(5D
t > t02
 F(p, t) (2<56	 1
 .([O6Q3
















































eL® wjXjdkXZmYX =m(γ+(t)) > 0 xIsykXm t > t02. 
£ j+suk+emiZLezgoZ/ª[{flLYsyj@gomiZmVZ






































i[m;∞] Zg i[−∞;−m] § M j wxXx+nqp@k+wj@g^qw%¹ºsymoY kXZ {fZ T
wKcdsymsujY[syjygimoZ/p@kXZX
g(p) = g(p02) + (p− p02)g′(p02) +
1
2




g(p) = g(p02) +
1
2





Zehgeosukfgonsuj{fZ F(p, t)    X
t = t02 +
1
2































































































































a ∈   ±, Γ±  5D N ( & e e(	1  ^    6Q[	. 
\^suk+eVj+sgoZLmosyj+e
\ Υ− = {p = υ−(t) | t ∈ [h(m)/c2;h(q02)/c2]}

\ Υ+ = {p = υ+(t) | t ∈ [h(−m)/c2;h(q02)/c2]}





{fsyj+| Y%wunj@goZLj+wj@g:moZLxXmilLeoZj@goZLm|syY[xXWgoZLYZLj@g:<® Zj+eoZY ­XZ



























































































;%|suY[Y[Zlg}wj@g*w m}wu|nj+Z¡{XZ F(p, t) ª xIwmogonZmolLZZx8syeongonuZ 9 miZLeox¼§:jXl@wOginyZ"; Zg
Γ± =
{
p = γ±2 (t) | t > t02
} Zg
Γ = Γ− ∪ Γ+,
j+suk+eVY[suj@gimosyj+ef|suY[Y[Z{Xwj+eVZLe{XlY[suj+ezgom}wOginsyj+e$xXmilL|l{fZj@giZLeLXpyk+Z#X




























p = γ±2 (t)
X



































































ut(x, y, t) = 0, t < t02
















 , t > t02
  08 V: ¡ )+3!





























































































− ∆P = δ(x) δ(y − h) f(t) (Ωf ),









































= δ(x)δ(y − h)δ(t) (Ωf ),
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wjIe%Z|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m}wu|ginsyj E+kXnq{fZ¢£ehgimokI|gok+moZy$<® suj+{fZ¨{XZxXmoZeoeonsuj {XwjIe%ZFEIkXn{XZ wxXxIwm}w 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|suY[Y[ZwezsyY[YZ/{ ® kXjXZsyj+{fZnjI|nq{fZj@goZy+{ ® kXjXZsujI{fZ/{fZusukXY[ZmolE+lL|}UXnZZg{fZ/{fZLkf¦sujI{fZLe{fZ
gOLgiZu§WGF® sujI{fZeoZxXmosyx+wyZLwujyg${Xwj+e$Zeosunq{fZeoZ{flL|suY[xIs@ezZZjkXjXZsujI{fZ{XZGysukXY[Z{fZ|syY[xXmoZeh¢
eonsuj¼:{fZ*misg}wOgonsuj+jXZFjdkX< 9 {fngoZsuj+{fZr ;
kXjXZ*syj+{fZ{XZ*usykXY[Z{XZ|nqeowunZY[Zj@gL:ª¨{fnuZLmoyZj+|Z
jdkXZu 9 {Xn©giZsyj+{fZa!; ZgkXj+Zsyj+{fZ{fZg	LgoZ/{fZ/|nqeowunZY[Zj@gL§%Gw {flA+jXngonsujxXmilL|nqeoZ{fZ/|}U+wy|kXj+Z{fZ
|ZLeVsyj+{fZLeVZehg^{XsujXjXlLZ/ª qw[ezZ|ginsyj 7+§:y§ d§
	 
O°SR²	  µ °S   RS´<R   SR²   !S
µ   
R   r:sykXm^kXjnj+ezgiwujyg
t
{XsujXjXly+Z/¹ºmisuj@gG{fZ<® suj+{fZ






<® nj@golLmonZk+m {fZG|Zg wumi|
{XZ|Zm}|Zu§
	 
O°SR² ¥µ °S   
K :d´R   !S
µ   
R    G3Z¹ºmisuj@g{fZ <® suj+{fZmilE+l|}UXnZ 9 ZLj­XZkezk+mGZLe
AIukXmiZLe[:J>@§ ­ZgK:;FZehg$>® njygiZm}ezZ|ginsyj{fk|Zm}|ZG{fZ|ZLj@gomiZ














O°SR²  d[°S  d  @² ² 
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!S












(x− ξ)2 + y2
cP
,

























ξ20P (x, y) + h
2
+
ξ0P (x, y) − x
cP
√








ξ20S(x, y) + h
2
+
ξ0S(x, y) − x
cS
√

















(ξ0S , 0) (ξ0P , 0)
(x, y)






nj+wZY[ZLjygZgoZLYxIe{ ® wmimonulLZ{fZ<® syj+{fZ/r 9 miZLeox¼§Fa!;$Zehg
t0P (x, y) = tP (ξ0P (x, y)) (
moZezx3§
t0S(x, y) = tS(ξ0S(x, y)))
ZgZ¹ºmisuj@g{fZ/<® syj+{fZgom}wj+eoY[neoZr 9 miZLeox¼§ a!;$ZLezg>® ZjIezZLY­XZ{fZLeVx8sunj@gieVgiZqep@kXZ2X
t0P (x, y) = t (
moZezx3§
t0S(x, y) = t).
  Z¹ºmosyj@g{ ® suj+{XZZLezgGmiZx+molezZLjygilZj ­XZLk |nZ 9 miZLeox¼§Zj¨misuk+uZ";ezkXmGZe AIukXmiZLe-:J>@§ ¹ 9 miZLeox¼§:J>@§  ;





ΩP (t) = {(x, y) | y ≤ 0
Zg
t0P (x, y) ≤ t}
(
moZezx¼§
ΩS(t) = {(x, y) | y ≤ 0
Zg
t0S(x, y) ≤ t}).
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; Zx8sunj@g giZ p@kXZGZ/ezZLuY[Zj@g
[AB]

























] d      ( &
θcP = arccos(cf/cP )  	
   θcS = arccos(cf/cS)  3
3%   &Y?1#1,5D)<3
.
35Q
-(5  5e 1  O6< 
3 B5Q
-  (  <-    O3
       - B5Q
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 5e(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O = (0,−h) 
































































O°SR²  µ °S   ² @²   !S µ L°8µR   "\sukIe jXsugosyj+e
I
Z^x8sunjyg goZLRp@kXZGZezZLuY[Zj@g























[AI ]  O3




















































ZgZ¹ºmosyjyg{ ® syj+{fZ[aZg{fZLeGx8sunjyg}eG|suY[xXmine^Zj@gomiZZ eoZyYZLj@g
[C(t)J(t)]
 qw{fmisungoZ
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     ¼°8µ¶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p = pi + pr,
wKyZL|
pi









x 6∈ ΩI(t) : pi(x, y, t) = 0 ;
eon



































:J>@§ w!X%G ® syj+{fZnjI|nq{fZj@goZy§
y
x












`:J>d§ Z<XWGF® suj+{fZa §
y
x

































x2 + (y + h)2, cos θ =
x
r























+ p2, k̃PP =
√
























(λ(z̃2fP − p2) + 2µk̃2fP )(k̃2fS + p2) − 4µp2k̃S k̃fP
]
k̃ff − c2fρf k̃fP (k̃2fS − p2)[
(λ(k̃2fP − p2) + 2µk̃2fP )(k̃2fS + p2) − 4µp2k̃fS k̃fP
]









(λ(k̃2PP − p2)+ 2µk̃2PP )(k̃2PS + p2) − 4µp2k̃PS k̃PP
]






(λ(k̃2SP − p2) + 2µk̃2SP )(k̃2SS + p2) − 4µp2k̃SS k̃SP
]








γ+f (t) = −i
cf t
r




































p = γ+P (t)





Z/giZY[x+e{¼® wumominylZ/{fZ<® suj+{fZa I{flA+jXn3xIwuZ >@
t1SP




































\ xIsykXm t1SP < t < t0S suj¡{flA+j+n©g p = υ+S (t)
>® kXjXnqp@kXZ/miwy|njXZnY%wuunj+wnmoZxXkXmiZgoZLZp@kXZ
=m(υ+S (t)) ≤ =m(p0S).
\ xIsykXm t > t0S suj*{flA+jXng p = γ+S (t)
>® kXjXnqp@kXZm}wu|njXZ{fZ FS(p, t) ª/x+wmogonZmilZLZehgimonq|giZY[Zj@gxIs@ezngonuZy§







 d        O6	
.







x 6∈ ΩR(t) ∪ ΩtefS(t) ∪ ΩtefP (t) : pr(x, y, t) = 0,

3





































x 6∈ ΩP (t) : vPs (x, y, t) = 0,

3
x ∈ ΩP (t) :
∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣






iγ+P (t)TP (γ+P (t))
(





















   	6O3
.







x 6∈ ΩS(t) ∪ ΩteSP : vSs (x, y, t) = 0,

3
x ∈ ΩS(t) :
∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣































x ∈ ΩteSP (t) :
∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
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p̂r = AR e
−ykf
9 7+§:"7u|";
φ̂ = AP e
ykP
9 7X§^:'7u{;
ψ̂ = AS e
ykS
9 7+§:"7ZJ;




v̂sy = AP kP e





































eonsuj 9 7X§^:u{!; 9 7+§:KOZ';$Zg 9 7X§^:O¹;KX







































(λ+ 2µ)z2P − λk2
]
















(λ(k2P − k2) + 2µk2P )(k2S + k2) − 4µk2kSkP
]
− ρfs2kP (k2S − k2)























































(λ(k2P − k2) + 2µk2P )(k2S + k2) − 4µk2kSkP
]
− ρfs2kP (k2S − k2)

































































(λ(k̃2fP − p2) + 2µk̃2fP )(k̃2fS + p2) − 4µp2k̃fS k̃fP
]
− c2fρf k̃fP (k̃2fS − p2)
k̃ff
[
(λ(k̃2fP − p2) + 2µk̃2fP )(k̃2fS + p2) − 4µp2k̃fS k̃fP
]
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cf < cS < cP
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goZu§
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\ ezn | cos θ| < cf
cP
+wusymie







































γ+f (t) = −i
cf t
r






\ ezn | cos θ| > cf
cP
wsum}e
pr(x, y, t) = 0, t < t1










, t1 < t <
r
cf
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− r cos θ
cP
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(λ(k̃2PP − p2)+ 2µk̃2PP )(k̃2PS + p2) − 4µp2k̃PS k̃PP
]















[−yk̃P P +hk̃P f +ipx] dp
9 7X§^:L<;
ZGjkfginneoZm}w/{fsyj+|$kXj*|syjygisukXm¬{ ® njygilymiwgonsuj[eznY[nqwnmoZª/|ZkXnXkfginneolx8sukXmF|Lwq|kXZm¬<® syj+{fZVgimiwuj+eh¢
Y[nqezZ{+wj+e:Z|wye¬{fZ{fZkX¦ Y[nnZkf¦[wu|syk+ezgonqpyk+ZLeL§:  Z|syj@gosuk+mF|suk+xIZ<® w¦fZ$nY%wynj+wunmiZVZj[kXj[x8sunjyg
ia




 |® ZLezgz¢£ªO¢£{fnmoZZe[{fZY[n¢¸{fmisungoZenY%wynj+wunmiZLe{flA+jXnZLemoZezx8ZL|gonuZLYZLj@g x+wum |p| > 1 
|p| > cP /cS
Zg |p| > cP /cf §G  syYY[Z cP > cS > cf +Z |suj@gosykXm{ ® nj@golLum}wOginsyjj+Zgom}wKuZLmieoZx+wueZLe|sukXxXk+moZe^{fZ TP /kP §adn¬syj ezk+xXxIs@ezZ[{fZxXk+epyk+Z ZLex uZLe{fZ TP ezsyj@gª>® Z¦dgolLmonZk+m{fZ[|Z|suj@gosykXm@syjY[syjygimoZyX|syYY[Z{Xwuj+eVZ|Lwue{fZ{XZkf¦Y[nnZkX¦wu|suk+ezgonqp@kXZLeLfp@kXZ2X
vPsx(x, y, t) = 0, t < t0P
















 , t > t0P
wKyZL|



























































(λ(k̃2SP − p2) + 2µk̃2SP )(k̃2SS + p2) − 4µp2k̃SS k̃SP
]
























{XZLeeosukfgonsujIe${XZ/>® lLp@k+wgonsuj FS(p, t) = 0 wKyZL|



















wm}wu|njXZ[{fsykX­XZ{fZ FS(p, t0) §  suY[Y[Z jXsyk+e<® wKysuj+eGdk¼ p0S ZLezg/nY%wuunj+wnmoZ xXkXmZgL







xIwm |p| > 1  |p| > cS/cP Zg |p| > cS/cf §F  syY[YZ cS < cP nRZLezgVxIs@eoeon­+Zp@kXZ |p0S | > cS/cP Zg{Xsuj+|p@kXZZ|syj@gosuk+m¬gom}wKuZLmieoZ ZLe |suj@gisukXm}e§¬  suj@gom}wnmiZY[Zj@gFwk%|wu|kXI{XZ>® suj+{XZr¥jXsukIeF{fZdmisuj+e
ZLj|suj+eolLp@kXZLj+|Z/{fnqezgonjXukXZLm{fZkX¦|wyeKX |p0S | ≤ cScP









vSsx(x, y, t) = 0, t < t0S ,




























































Υ = [υ+(t1SP ) = i
cS
cP












































2 − p2) + 2µ z̃±SP
2
)(k̃2SS + p


















\^suk+e¬wKysuj+edk 9 x+wyZ @;:p@kXZ
t 7→ υ+(t) Zehg¬kXj+Z$­+n thZ|gonsuj%{fZ [t1SP ; t0S ] yZm}e Υ = [i cScP ; p0S ]

j+suk+eVx8sukXysuj+eV{fsyj+|ZRZL|gokXZLmZ|}UIwjXyZY[Zj@g{fZ/Owminwu­XZ
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Υ









































































vSsx(x, y, t) = 0, t < t1SP ,











 , t1SP < t < t0S ,




























































P (x, y, t) =
∫ t
0








P i + P r
wKuZ|-X
P i(x, y, t) =
∫ t
0
pi(x, y, τ)f(t − τ) dτ Zg P r(x, y, t) =
∫ t
0
pr(x, y, τ)f(t− τ) dτ














P i(x, y, t) = 0
eon
t ≤ t0 (⇐⇒ x 6∈ ΩI (t))
P i(x, y, t) =
∫ t
t0



















pi(x, y, τ)f(t− τ) dτ,
|suY[Y[ZwY[lgiUXsf{fZ {fZe%miZL|g}wjXyZe${fZLe%gom}wx8W ZeV{fZ adnY[x+eosujPsuk {fZ »wuk+eoe 9 x+wum%sum}{fmoZ{fZ
eosux+UXnezgonq|wgonsuj |misunqeoeiwj@giZ";§r
sykXmeonY[xXnBAIZmjXsugomiZ%xXmisux8syejXsyk+e/xXmilLeoZj@gosyj+enq|n qw¡Y[lgiUXsf{fZ%w






pi(x, y, τ)f(t − τ) dτ
xIwm
pi(x, y, t0 + (i− 1)dt)f(t− (t0 + (i− 1)dt)) dt =
f(t− (t0 + (i− 1)dt))
2π
√




  *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pi(x, y, τ)f(t − τ) dτ
xIwm
pi(x, y, t0 + idt)f(t− (t0 + idt)) dt =
f(t− (t0 + idt))
2π
√










pi(x, y, τ)f(t−τ) dτ ' f(t− t0)
∫ t0+dt
t0
































f(t− (t0 + (i− 1)dt)
2π
√
(t0 + (i− 1)dt)2 − t20
dt.
9 +§ 7<;

































ZgiZY[x+e{ ® wmiminylZ{fZ/>® sujI{fZmolE+lL|}UXnZZg






− r cos θ
cP
< t0f ,
ZgoZLYxIe{ ® wmimonulLZ{fZ/<® suj+{fZgOLgoZ{XlA+jXn3x+wyZyf§
ZGjx8syeoZ























(x, y, t, dt, C):
(r, theta) = polaire (x, y − h)
t0 = r/cf7 "R
t ≤ t0 Xµ>°
O
Pi = 0 "RS
°S

Nt = (t− t0)/dt>








tau = t0 + (i− 1) ∗ dt:L
Pi = Pi+ f(t− tau)/(2 ∗ pi ∗ sqrt(t2/r2 − 1/cf2)) ∗ dt::  S U °8 

:  S 'R
Twu­XZ:<X C usumingoUXY[Z/{fZ/|wu|kX3{fZ
P i
ZgL+eon | cos θ| > cf/cP X































P rv (x, y, t) = 0,
eon
t ≤ t0f ,
P rv (x, y, t) =
∫ t
t0f
prv(x, y, τ)f(t− τ) dτ,
ezn









cos θ ≤ cf
cP
,
P rt (x, y, t) =
∫ t
t1
prt (x, y, τ)f(t − τ) dτ,
eon






P rt (x, y, t) =
∫ t0f
t1









P r(x, y, t) = P rt (x, y, t) + P
r













































R(γ+f (t0f + idt1))
] f(t− (t0f + (i− 1)dt1))
2π
√













































R(γ+f (t0f + (i+ 1)dt1))
]
f(t− (t0f + (i− 1)dt1))
2π
√
(t0f + (i− 1)dt1)2 − t20f
dt.
9 +§  ;
 Xµ>´u
µ  
P rt (x, y, t)
 ZGj ezk+xXxIs@ezZp@kXZ<® nj@goZLmoOwZ

































R(γ+f (t1 + (i+ 1)dt1))
]
f(t− (t1 + (i− 1)dt2))
2π
√







































R(υ+f (t1 + (i+ 1)dt2))
]
f(t− (t1 + (i− 1)dt2))
2π
√
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2 (x− ξ)2 + y2




















(x, y, t, dt1, dt2, C):
(r, theta) = polaire (x, y + h)
t0 = r/cf7 'R
t ≤ t0 Xµ¶°
O
Pr = 0 'RS°S

Nt1 = (t− t0)/dt1>
p = −i ∗ cos(theta)








tau = t0 + (i− 1) ∗ dt1::
p = −it/tau ∗ cos(theta) + abs(sin(theta)) ∗ sqrt(tau2/t02 − 1):

















1  Nt2− 1  !R 

tau = t1 + (i− 1) ∗ dt2D:
p = −i
(
t/t0 ∗ cos(theta) + abs(sin θ) ∗ sqrt(1 − t2/t02)
)
u







tau = t1 + (Nt2 − 1) ∗ dt2
p = −i
(
t/t0 ∗ cos(theta) + abs(sin θ) ∗ sqrt(1 − t2/t02)
)
<>
Pr = Pr − f(t− tau) ∗ imag(R(p, C))/(2 ∗ pi ∗ sqrt(t02 − t2)) ∗ dt2 "RS
°S

p = −i ∗ cos(theta)7u
Pr = Pr − f(t− t0) ∗ imag(R(p, C)) ∗ arccos(1 − dt2/t0)/(2 ∗ pi) ∗ dt27!:  S 'R



























(x− ξ)2 + y2 t′P (ξ) =
ξ
√






















(x− ξ)2 + y2
cf






ξ2(x− ξ)2 + y2
c2f




































|ZmogiwunjXZLY[Zj@g¬x+wue¬qwxXk+eFZ«%|Lwu|Z$ZLjgoZmiY[Z{fZVgoZLY[x+e {fZ|Lwq|kX+Y[wune¬|u® Zehg |ZZp@kXn+jXsuk+e wx+wmik
qwxXk+eeonY[xXZ/ª[YZgzgimoZZj¡sdZk+@miZjdkXY[lminp@kXZLYZLj@gL§
ZGjulLmonA+Z¹¶wu|nZY[ZLjygp@kXZ
p = γ+P (t)
ZehglLywuZLYZLj@g$m}wu|njXZ/{fk¡x8sucdjuY[Z/{fZ{fZLumilG%eokXnOwujyg X
PP (p, t) = ap
4 + b(t)p3 + c(t)p2 + d(t)p+ e(t) = 0.






x2 + y2 + h2
)2 − 4h2y2 9 I§:uw ;
b(t) = 4 i cP t x
(





















































































































f§Vsuj|}UXZLmi|}UXZx+wumoY[n¼|ZeVmiwy|njXZLeV<® kXjXnqpyk+Zm}wu|nj+Z{XZ FP (p, t) ª xIwmogonZmilZLZxIs@ezngonuZ   
\^suk+ewuxXx8ZZLmosyj+e
gamma(x, y, h, t, cf, cP )
w ¹ºsyj+|ginsyj p@kXn/j+suk+e¡x8ZmiY[Zg {fZ¥|wu|kXZm¨|ZgzgiZ
m}wu|nj+Zu§












V Psx(x, y, t) = 0
ezn
t ≤ t0S (⇐⇒ x 6∈ ΩP (t))
V Psx(x, y, t) =
∫ t
t0S
vPsx(x, y, τ)f(t − τ) dτ
eon



























T̃P (γ+P (t0P + (i− 1)dt))(
1 + γ+P
2




(γ+P (t0P + (i− 1)dt), t)

f(t−(t0P + (i− 1)dt)),
Y%wune
p = γ+(t0P )
ZehgkXj+Z/miwy|njXZ/{fsukX­+Z/{fZ FP (p, t0P ) X
∂FP
∂p
































































(x, y, t, dt, C):
t0 = t(x, y, h, cf, cP ) "R
t ≤ t0 Xµ>°
O7
V Psx = 0 "RS
°S

Nt = (t− t0)/dt
p = gamma(x, y, h, t0, cf, cP )>
z = zeta(x, y, h, t, cP, cf, p, t0)/cP








tau = t0 + (i− 1) ∗ dt::
p = gamma(x, y, h, tau, cf, cP ):
df = deriveef(x, y, h, cf, cP, tau, p):'7
V Psx = V Psx+ f(t− tau) ∗ reel(TP(p, C)/(sqrt(1 + p2) ∗ df)) ∗ dt:  S U °8 


































T̃P (γ+P (t0P + (i− 1)dt))(
1 + γ+P
2




















   Z|wu|kX¼eoZG¹¶wun©g^{XZ/wYLY[Z¹¶w  suj¡p@kXZ/xIsykXm
V Psy
X
t0S = t(x, y, h, cf, cS)
Zg





§*  suY[Y[Z[jXsukIeG<® wKusujIe^dk¼3eon |p0S | < cS/cP ¼j+suk+e{fZL@misujIe|Lwq|kXZm
υ+S (t)
x8sukXm


























\^suk+eeiwKusujIel@wZY[Zj@gL gosykOthsuk+mieG{ ® wuxXmiWLeGZ ZLYY[Z%f§ 7f p@kXZu x8sukXm



























upsilon(x, y, h, t, cf, cS)
qw¹ºsuj+|gonsuj~p@kXn jXsuk+e¨xIZLmoY[Zg{fZ |wu|kXZm |ZgzgiZ
m}wu|nj+Zu§
ZGjx8syeoZ



















t > t0S (⇐⇒ x ∈ ΩS(t)),
ZgL+eon |p0S | ≤ cScP
X
































V Ssxv(x, y, t) = 0,
eon
t ≤ t0S ,
V sxvS (x, y, t) =
∫ t
t0S
vSsxv(x, y, τ)f(t− τ) dτ,
eon





V Ssxt(x, y, t) = 0,
eon
t ≤ t1SP
suk |p0S | ≤ cScP ,
V Ssxt(x, y, t) =
∫ t
t1SP
vSsxt(x, y, τ)f(t− τ) dτ,
eon
t1SP < t < t0S
Zg |p0S | > cScP ,
V Ssxt(x, y, t) =
∫ t0S
t1SP
vSsxt(x, y, τ)f(t− τ) dτ
eon
t1SP ≤ t










































T̃S(γ+S (t0S + (i− 1)dt1))dt1(
1+ γ+S
2




















V Ssxt(x, y, t) '
Nt2∑
i=1












(υ+S (t1SP +(i−1)dt2), t)

.




































































(x, y, t, dt1, dt2, C):
t0 = t(x, y, h, cf, cS) 'R
t ≤ t0 Xµ¶°
O7
V Ssx = 0 'RS°S

Nt = (t− t0)/dt
p = gamma(x, y, h, t0, cf, cS)>
p0 = p
z = zeta(x, y, h, t, cS, cf, p, t0)/cS








tau = t0 + (i− 1) ∗ dt:
p = gamma(x, y, h, tau, cf, cS):'7
df = deriveef(x, y, h, cf, cS, tau, p):

















1  Nt2 − 1  !R 
u
tau = t1 + (i− 1) ∗ dt27
p = gamma(x, y, h, tau, cf, cS)O
df = deriveef(x, y, h, cf, cS, tau, p)u







tau = t1 + (Nt2 − 1) ∗ dt2
p = gamma(x, y, h, tau, cf, cS)7u
df = deriveef(x, y, h, cf, cS, tau, p)7!:




z = zeta(x, y, h, t, cS, cf, p, t0)/cS7y
V Ssx = V Ssx+7u
f(t− t0) ∗ reel(zeta ∗ TS(p, C)/sqrt(1 + p2)) ∗ argch(1 + dt/t0)/(2 ∗ pi)7 >  S 'R
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